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GENERAL INTRODUCTION 
Resistance to lodging is an important agronomic attribute 
of cereals. Lodging in small grain swards can cause losses in 
grain production and increased cost for harvesting. Lodging 
affects grain yield directly by interfering with dry matter 
accumulation, and indirectly by losses of grain during 
harvest. Also, it may adversely affect grain quality 
(Pinthus, 1973). 
Lodging is an expression of a plant population and not 
an individual plant. The severity of lodging and the extent 
of loss it causes depend upon the environment and the growth 
stage when it occurs. Generally, growing conditions that 
promote vigorous crop development increase the severity of 
lodging. The importance of lodging gets more consideration 
when high fertility, irrigation, and high seeding rate are 
used to raise yield (Frohberg, 1964). 
Lodging is induced by external forces such as wind, 
rain, diseases, and insects (Pinthus, 1973; Frohberg, 1964). 
Frohberg (1964) subdivided the types of lodging in small 
grains as (a) bending or fracturing of the culm after the 
plant is ripe (crinkling), (b) bending or fracturing of the 
culm at the basal internode of the non-ripe plant, and (c) 
leaning and bending of the entire non-ripe plant with or 
without uprooting. The latter type is referred to as root 
lodging. Lodging resistance is determined by inherent 
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characters of the plant, environmental conditions during plant 
development, and the interaction of the two. 
The effects of lodging on yield, grain quality, and 
harvesting difficulties have been reported in many studies 
(Weibel and Pendelton, 1964; Larson and Maranville, 1977; Day, 
1957; Pendelton, 1954). Laude and Pauli (1956) reported 3 to 
37 percent reduction in grain yield due to lodging of wheat 
(Triticum aestivum L.), and Pendelton (1954), using artificial 
lodging, found similar reductions with oats (Avena sativa L.). 
Day (1957), who worked with barley (Hordeum vulqare L.); 
reported 50 percent yield reduction from lodging, and a 
reduction in grain quality characters, such as test weight, 
kernel weight, and number of kernels per plant. 
Lodging is an extremely complex characteristic, and it is 
dependent on both genetic and environmental factors. 
Observation of natural lodging has many limitations and 
disadvantages as a method to assess the lodging resistance of 
small grain cultivars. Differential lodging does not occur at 
all locations, in every year, or evenly over an experimental 
field. Therefore, small grain researchers have directed much 
effort to searching for a reliable, accurate, indirect method 
for evaluating lodging resistance, and to determining plant 
attributes that are associated with lodging resistance (Norden 
and Frey, 1959; Frohberg, 1964; Perst et al., 1983; Berzonsky 
et al., 1986). Measurements most highly correlated with 
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lodging per se are snap score and coefficient of lodging 
resistance (cLf) (Pinthus, 1973). 
Recurrent selection is a plant breeding method whereby 
genetically superior plants or lines of a crop are selected 
from a population and intermated to reconstitute an improved 
population. This cyclic process is repeated until the desired 
breeding goals are achieved. It increases the frequency of 
favorable alleles for a quantitatively inherited trait 
gradually while maintaining genetic variability. Recurrent 
selection has been used to improve test weight (Klein, 1990), 
groat oil content (Branson and Prey, 1989), and protein yield 
(McFerson and Prey, 1991) of oats. Recurrent selection has 
also been effective for improving lodging resistance for maize 
(Thompson, 1972, 1980; Chang et al., 1976; Zuber et al., 1980; 
Berzonsky et al., 1986). 
The objectives of this research were to: 
1. Evaluate three indirect methods of measuring lodging 
resistance; namely, coefficient of lodging resistance(cL^ ), 
unit straw weight, and straw breaking strength. 
2. Evaluate the effectiveness of SO.l line recurrent 
selection for improving cL, and unit straw weight. 
3. Determine responses of unselected agronomic traits when 
resistant plants are selected. 
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EXPLANATION OF DISSERTATION FORMAT 
This dissertation contains three sections. Section I 
describes the evaluation of three methods of measuring lodging 
resistance of oat. Section II describes the effectiveness of 
SO.l line recurrent selection for improving lodging resistance 
factor (cLf) and the effect of selection on unselected traits. 
Section III describes the effectiveness of SO.l line recurrent 
selection for improving unit straw weight (USW) and the effect 
of selection on unselected traits. 
Each section is in the form of a complete manuscript that 
will be submitted for publication with little or no 
modification. Preceding the three sections are the general 
introduction and review of literature. The general summary, 
additional reference list, and acknowledgments follow after 
the sections. References cited in the general introduction 
and review of literature are listed in the Additional 
References List. 
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REVIEW OF LITERATURE 
The Importance of Lodging Resistance and 
its Effect on Unselected Traits 
Larson and Maranville (1977) found that artificial 
lodging of sorghum (Sorghum bicolgr) reduced yield 31 percent 
and also decreased test weight. In barley, artificial lodging 
at a 90-degree angle reduced yield up to 50 percent. Test 
weight, weight of 1,000 seeds, and percentage of plump kernels 
were reduced also. According to Laude and Pauli (1956), 
artificial lodging in wheat reduced yield and increased 
protein content of the grain. Weibel and Pendelton (1964) 
reported that reduction in wheat yield due to lodging at 
heading, milk stage, soft-dough stage, and hard-dough stage 
was 31, 25, 20, and 12 percent respectively, and similar 
results for barley were reported by Jedel and Helm (1991). 
Norden and Frey (1959) and Pendelton (1954) found that spring 
oats artificially lodged at 45 and 90 degrees from the 
vertical reduced yields up to 37 and 36 percent, respectively, 
when it occurred 10 and 20 days after anthesis. They also 
found that early lodging reduced test weight. Effect of 
lodging on yield and other characters depends on severity of 
the lodging and stage of development when lodging occurs. 
Paleev (1954) estimated the loss in grain production in the 
USSR from lodging was 25-35% in some years. 
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Associations between lodging and morphological traits of 
plants have been studied extensively. In oats, Norden and 
Frey (1959) found a highly significant negative correlation 
between culm height and lodging resistance, so lodging 
resistance should be increased by selecting for short plants. 
There was little relationship between height and culm 
diameter. Using sorghum from the conversion program, Esechie 
et al., (1977) reported that lodging susceptible lines were 
tall and had small basal stem diameter. Jedel and Helm (1991) 
found that semidwarf barley cultivars have the greatest 
tolerance to lodging, while the tall cultivars had the least. 
In wheat Reddy and Prasad, (1977) found lodging susceptibility 
is positively related to culm length and particularly to the 
lengths of the first and second internodes. To reduce the 
lodging incidence in susceptible varieties, they suggested 
growing a mixture of lodging susceptible varieties and lodging 
resistant varieties. Likewise, as for other crops, lodging and 
plant height of maize have been found to be significantly 
correlated (Ramison and Akinleye, 1978). The height-lodging 
relationship while quite real and important is always greatly 
influenced by environment. 
No relationship between lodging and days to flowering in 
maize was found by Ramison and Akinleye (1978), while in 
sorghum Prest et al., (1983) reported a significant 
correlation between days to flowering and pre-frost lodging 
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but no correlation between days to flowering and post-frost 
lodging. Negative associations between yield and lodging have 
been reported for maize (Zea mays L.) (Remison and Akinleye, 
1978), sorghum (Esechie et al., 1977, Prest et al., 1983), 
and oats (Mulder, 1954, Norden and Prey, 1959). 
Recurrent Selection 
Recurrent selection is a method of breeding involving 
three phases: (a) population development, (b) evaluation of 
genotypes within the population, and (c) selection of superior 
individuals as parents to form a new population for the next 
cycle (Fehr, 1987). During recurrent selection, frequencies 
of favorable alleles are increased gradually. Improvement in 
the population occurs due to recombination and the expression 
of new recombinants (Hanson, 1959). Recurrent selection was 
initially used by East and Jones (1918) to improve 
quantitative traits in maize and was recommended for other 
allogamous species. 
Difficulties in getting adequate numbers of crossed 
seeds and the long time needed to complete one cycle have 
limited the use of recurrent selection with autogamous 
species, despite its theoretical advantages (Bailey and 
Comstock, 1976). However, the development of various new 
techniques has allowed greater use of recurrent selection with 
autogamous species. An example is the procedure developed at 
Iowa State University that allows one cycle of recurrent 
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selection to be conducted per year with oats (Prey et al., 
1988). This procedure uses early generation testing, the 
approach method of crossing, and hill plots for evaluation of 
progenies. The use of early generation testing such as SO.l 
line testing reduces the time per cycle of recurrent selection 
to one year (Fehr and Ortiz, 1975; Kenworthy and Brim, 1979; 
McFerson and Frey, 1991; Klein, 1990). The approach method 
for crossing (McDaniel et al., 1967) increases the number of 
crossed seeds set with oats and considerably reduces the labor 
cost for crossing (Curtis and Croy, 1958). The use of hill 
plots to evaluate SO.l lines has overcome the obstacle of 
limited seed supplies. In oats genetic correlations of 0.98, 
0.96, and 0.96 for grain yield, plant height, and heading date 
respectively were reported between measurements in hill plots 
and rod-rows (Frey, 1965). Similar results have been reported 
by Baker and Leisle (1970) with wheat. SI recurrent selection 
was used in soybean rGlycine max (L.) Merr.] by Kenworthy and 
Brim (1979) for seed yield and by Brim and Burton (1979) and 
Miller and Fehr, (1979) for increasing seed protein percent. 
Significant improvement of soybean yield using S2 and S3 line 
recurrent selection have been reported by Sumarno and Fehr 
(1982) and Piper and Fehr (1987). 
Avey et al., (1982) reduced heading date of wheat by 
three days via recurrent selection and Busch and Kofoid (1982) 
increased kernel weight 3% per cycle from CO to C2 by using 
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this breeding procedure. 
Phenotypic recurrent selection in oats has been 
effective in increasing one hundred seed weight, reducing the 
symptom score for barley yellow dwarf virus, and increasing 
groat-oil content (Khadr and Frey, 1965; Baltenberger et al., 
1988; Branson and Frey, 1989). McFerson and Frey (1990) 
increased groat-protein yield in oats by 13, 16, and 12% over 
three cycles of SO.l line recurrent selection in three lines 
of descent. Using F4-line recurrent selection with oat, Payne 
et al., (1988), reported 11.5% gain in grain yield over three 
cycles of selection. 
Recurrent selection has been effective for improving 
lodging resistance in maize (Martin and Russell, 1984; 
Berzonsky et al., 1986; Thompson, 1976). Recurrent selection 
for lodging resistance and susceptibility in corn increased 
the percentage erect plants from 40 to 92 after seven cycles 
of selection for resistance to lodging and decreased it to 11 
percent after six cycles of selection for lodging 
susceptibility (Thompson et al., 1972). Stalk lodging was 
reduced from 13 to 3 percent after three cycles of selection 
by Martin and Russell (1984). 
The Methods of Measurements 
Several field and laboratory methods have been proposed 
for evaluation of lodging resistance in cereals (Pinthus, 
1973). None, however has been able to replace natural lodging 
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for selection for lodging resistance. Because of the sporadic 
occurrence of natural lodging of small grains, various other 
methods associated with lodging have been devised for use by 
small grain breeders (Frohberg, 1964). I will concentrate on 
three methods in this study: straw breaking strength, lodging 
resistance factor, and unit straw weight. 
Straw breaking strength refers to the force required to 
break a section of a certain length of the basal culm 
internodes. Breaking strength has been studied extensively on 
wheat, barley, and oats. A positive association between 
breaking strength and lodging resistance was found by Salmon 
(1931), Zuber and Grogen (1961), Strutsovskaya (1967), and 
Vaidya and Mahabaram (1986). Instruments and methods for 
measuring breaking strength of small grain straw are described 
by these same authors. Hancock and Smith (1963) found that 
breaking strength had no direct correlation with lodging 
resistance, and Clark and Wilson (1933) indicated that 
breaking strength of straw was not a reliable measure of 
lodging resistance. 
Lodging resistance factor (cLJ has been used for 
estimating lodging resistance. The cL, factor = F/b, where F= 
bending force (g), determined by where the culm stops its 
downward bending, and b= the culm length (Grafius and Brown, 
1958). Significant correlation between cL, and lodging 
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resistance were found for barley (Grafius, 1958), and oats 
(Murphy et al., 1958). Norden and Frey (1959) found that 
changes in cL, values from anthesis to maturity were uniform 
across varieties thus indicating that the lodging resistance 
could be compared at any time during this period providing the 
plant types and stages of maturity were similar. The snap 
test is the method most closely correlated with natural 
lodging and it has low seasonal interaction (Murphy et al., 
1958). Frey et al., (1960) found that measuring the cL, factor 
was more expensive than the snap test. However a certain 
degree of skill and experience is required to obtain accurate 
readings via the snap score method. 
Unit straw weight or weight per unit length was used by 
Atkins (1938) as an indirect method of estimating lodging 
resistance. Correlations between unit straw weight and 
lodging resistance were as high as, or higher than, those 
between lodging and breaking strength of straw. Unit straw 
weight requires no special equipment and is a rapid and easy 
method to apply (Atkins, 1938). Heritability values of 0.41 
and 0.61 were reported for two years, respectively (Atkins, 
1948) . 
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SECTION I. EVALUATION OF THREE METHODS FOR LODGING 
RESISTANCE IN OATS (Avena aativa L.) 
14 
INTRODUCTION 
Lodging in small grain swards is prevalent in most humid 
areas of the world (Esechie et al., 1977) and can cause losses 
in grain production and extra costs for harvesting. Lodging 
affects grain yield directly by reducing dry matter 
accumulation and indirectly from losses of grain prior to and 
during harvest. Generally, lodging of small grains also 
adversely affects grain quality (Pinthus, 1973). Lodging is 
an expression of a plant population, not an individual plant, 
and it is dependent on both genetic and environmental factors. 
In general, favorable growing conditions that promote vigorous 
crop development and high grain yield, increase the severity 
of lodging. 
Small grain breeders have tried to devise indirect 
methods to evaluate varieties for lodging resistance, but no 
single procedure is satisfactory for all environments. 
Measurements most highly correlated with lodging per se are 
snap scores and coefficients of lodging resistance 
(cLf) (Pinthus, 1973). The objective of this study was to 
further evaluate three indirect methods for estimating lodging 
resistance, namely cL,, unit straw weight and straw breaking 
strength. 
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MATERIALS AND METHODS 
Fifty varieties and lines of oats adapted to the 
Midwestern USA were chosen for the study. The 50 oat entries 
were evaluated in a randomized complete block design with 
three replications each year during 1989 and 1990 on the Hinds 
farm research station near Ames, lA. The soil type was 
Coland loam. Two plot sizes were used: (a) four rows 2.5 m 
long and 30.5 cm between rows (used in 1989 and 1990) and (b) 
a hill sown with 30 seeds, with hills spaced 30.5 cm apart in 
perpendicular directions (used in 1990). Nitrogen was 
broadcast applied to the soil both years one week after 
sowing, one week prior to anthesis and one week after anthesis 
with a total rate of 100 kg ha*'. Planting dates were April 4 
in 1989 and April 12 in 1990. Plots were hand-weeded, and the 
systemic fungicide Bayleton in water was sprayed onto the 
plants post-anthesis to preclude the development of crown rust 
(Puccini coronata). 
Measured Characters 
Heading date (HD): recorded as number of days from sowing 
until 50 percent of the panicles were completely emerged 
in a plot. 
Chain measurement; number of links of a chain a culm would 
support, recorded for 5 culms selected randomly from the 
border rows in the 4-row plot, and for three culms from 
the hill plots. Each link weighed 0.59 g on average. 
Plant height (HT): distance in cm from ground level to the 
base of the panicle (cm). 
Biomass(M); The air-dry weight of the bundle of culms 
harvested from the inside two rows of a 4-row plot and 
all the plants from a hill plot (t ha"'). 
Grain yield (GY); air dry weight of grain from harvested 
bundles (t ha"'). 
Straw yield; biomass minus grain yield. 
Lodging resistance factor (cLJ: chain measurement divided by 
plant height (Grafius and Brown, 1956). 
Unit straw weight (USW); straw weight divided by plant height 
(g cm'). 
Breaking strength (BS): amount of force required to break the 
basal culm internode. Measured by using an Instron 
apparatus on the same culms used for the CLr 
measurements. 
Lodging (L): the percent of lodged culms in the plot, recorded 
on scale from one to five. 
Snap test (SNP); the force required to pull the culms from an 
erect position and the rapidity and resilience with which 
the grain culms become erect, recorded on a scale from 
one to ten. 
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Statistical Analysis 
Data were subjected to an analysis of variance within 
each year and plot type. Satterthwaite's approximate F-test 
procedure was used to test for genotype effects. The genotype 
mean error square was tested against the error mean square for 
each experiment. A combined analysis of variance for the 
common genotypes in the two years was done to determine year 
effects. Year was considered a random effect and genotypes 
were considered a fixed effect. Year and genotypes mean 
squares were tested against the year-genotype interaction mean 
square, and year-genotype interaction mean square was tested 
against the error mean square for significance. 
Phenotypic correlations among the different traits were 
computed on an entry mean basis using the formula 
covjxy)  
y jvar  {x)  xvar  (y) 
where cov(xy) is the phenotypic covariance between traits x 
and Y, and var(x) and var(y) are the phenotypic variances for 
traits X and y respectively. 
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RESULTS AMD DISCUSSION 
Results 
Phenotypic correlation coefficients among the different 
four methods of estimating lodging resistance measured in the 
four-row plots in 1989 are shown in Table 1. Lodging 
resistance factor (cL,) was correlated significantly with 
breaking strength and negatively with snap test score, and 
unit straw weight (USW)was negatively correlated with snap 
test score. All other correlations were non-significant. In 
the 1990 four-row plot test cL, was found to be positively 
correlated only with USW (Table 2). USW was also positively 
correlated with actual lodging. The closest correlation in 
this test was the positive one found between the snap test and 
actual lodging. 
cLr-1989 was positively correlated with cL, and actual 
lodging-1990 (Table 3). USW-1989 also showed positive 
correlation with breaking strength-1990 and actual lodging-
1990. Snap test-1989 values were positively correlated with 
all evaluation methods-1990 except breaking strength. 
Breaking strength, values on the other hand, were not 
significantly correlated with any other method in 1990. The 
cLf-1990 was positively correlated with cL^ -1989 and negatively 
with snap test-1989. Breaking strength-1990 was significantly 
correlated with USW in 1989. 
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Table 1. Phenotyplc correlations among four methods for 
evaluating lodging resistance of oats in 1989 
four-row experiment. 
BS USW Snp 
CL/ 0.372** 0.065 -0.217* 
B.S -0.066 0.008 
USW -0.261* 
"cLf = lodging resistance factor, BS = breaking strength, 
USW = unit straw weight, Snp = snap test. 
*,**, significant at the 0.05 and 0.01 probability, 
levels respectively. 
USW-1990 was correlated negatively with snap test-1989. 
Snap test-1990 was positively correlated with snap test-1989 
only. Actual lodging in 1990 showed positive correlation with 
all methods of evaluation except breaking strength. These 
correlations among different evaluation methods over years 
show clearly the year effects on the estimation of lodging 
resistance. 
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Table 2. Phenotypic correlation among four methods for 
evaluating lodging resistance of oats and actual 
lodging in 1990 four-row experiment. 
B.S USW Snp Lodg 
CL/ -0.080 0.203* 0.111 0.063 
B.S 0.008 -0.170 0.082 
USW -0.155 0.314** 
Snp 0.617** 
*cLj = lodging resistance factor, BS = breaking strength, 
USW = unit straw weight, Snp = snap test, Lodg = the natural 
lodging. 
*,**, significant at the 0.05 and 0.01 probability 
levels, respectively. 
In the 1990 hill plot test only the correlation between 
cLf and breaking strength was significant (Table 4). 
Phenotypic correlations among the three methods in the two 
plot types are found in Table 5. The hill plot-cLr was 
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Table 3. Phenotypic correlation among five methods for 
evaluating lodging resistance of oats and actual 
lodging in 1990 and the same four methods in 1989 
four-row experiments. 

























"cLf = lodging resistance factor, BS = breaking strength, 
USW = unit straw weight, Snp = snap test, Lodg = the natural 
lodging. 
*,**, significant at the 0.05, and 0.01 probability 
levels, respectively. 
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Table 4. Phenotypic correlation among three methods of 
evaluating lodging resistance of oats in 1990 hill 
plot experiment. 
cL, BS USW 
cLf* 0.388** 0.022 
B.S -0.032 
*cLj = lodging resistance factor, BS = breaking strength, 
USW = unit straw weight. 
** significant at the 0.01 probability, level. 
significantly correlated with four-row-cL, and the four-row-
USW. 
All other correlations were between -0.20 and 0.20. This 
lack of correlation between the same method in two different 
plot types was surprising especially since the two experiments 
were less than 16 m apart. 
cLf values were significantly different among genotypes in 
1990 four-row and hill plots, but no significant differences 
were found in 1989. Highly significant difference among 
genotypes for USW were found only in 1990 hill plots. 
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Table 5. Phenotyplc correlation among three methods of 
evaluating lodging resistance of oat in 1990 four-row 
and hill plot experiment. 
Four-row 
CL, BS USW 
H cV 0.378** 0.173 0.212* 
i 
1 B.S -0.044 -0.089 -0.049 
1 
USW 0.115 -0.004 0.121 
*cL, = lodging resistance factor, BS = breaking strength, 
USW = unit straw weight. 
*,** significant at the 0.05 and 0.01 probability levels, 
respectively. 
Breaking strength showed no significant differences among 
genotypes for any year and plot type, in the other hand, snap 
test showed highly significant differences among genotypes in 
both years. 
The results of the analysis of the four-row experiment 
over the two years shows that the year effects were highly 
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significant for cL, and breaking strength, significant for USW, 
but not significant for snap test. 
Genotype effects were highly significant for snap test 
and USW, and nonsignificant for cL, and breaking strength. The 
genotype-year interaction was significant for cL,, highly 
significant for snap test, and not significant for breaking 
strength or unit straw weight. 
Discussion 
This study showed a high correlation between snap test 
score and lodging resistance. Similar results were reported 
by Murphy et al.,(1958). Unit straw weight was negatively 
correlaed with snap test score in 1989 but not in 1990. The 
magnitude of this correlation, however, was low (-0.26). Unit 
straw weight was also positively correlated with actual 
lodging, which agreed with the findings of Atkins (1938). 
Again this correlation was low (0.31), so it would expected to 
be an effective method of selecting for lodging resistance. A 
significant negative correlation between cL, and snap test 
scores was found in 1989 but not in 1990, and there was no 
correlation between cL, and actual lodging in 1990. This is in 
contrast to correlations between cL, and lodging resistance 
reported by Murphy et al., (1958) for oat and Grafius (1958) 
for barley. The lack of correlation between breaking strength 
and lodging resistance is contradictory to what was reported 
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for various crops by Salmon (1931), Zuber and Grogen (1961), 
Strutovskayu (1967), and Vaidya and Muhabaram (1986). 
Correlations among different methods of measuring 
lodging resistance show inconsistency over years and even for 
different experimental plot types within the same year and 
location. The snap test appears to be the most useful method 
of predicting lodging resistance. This method is not easily 
applied in hill plots. USW may be a method that can be more 
easily applied used in these small plots to eliminate lines 
with poorest straw strength in early generations. In the end 
it appears that multilocation testing over years with snap 
test measuremrnte actual lodging scores will be needed to 
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SECTION II. RECURRENT SELECTION FOR LODGING RESISTANCE 
FACTOR (CL,)IN OAT (Avena sativa L.) 
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ABSTRACT 
The objectives of this study were (a) to determine the 
efficiency of two cycles of recurrent selection for the 
lodging resistance factor (cL,) in an oat population and (b) to 
determine the effect of selection for cL, on other plant 
traits. The base population (CO) consisted of 295 SO.l oat 
lines from the fifth cycle of a line of descent that had been 
selected previously to improve groat-protein yield of oat. 
The recurrent selection procedure consisted of intermating of 
SO.l lines selected for high cL,, growing SO seeds to produce 
SO.l lines, and field evaluation of SO.l lines for cL,. Each 
cycle takes one year to complete and ca. 300 lines were 
evaluated in each cycle. 
Response to selection was evaluated by testing random 
samples, each with 100 lines from cycles 0, 1, and 2, parents 
from all cycles, and a set of checks. There was an increase 
in the cL, mean of 8.1% of the CO mean per cycle estimated from 
the progeny populations and 6.6% of the CO mean per cycle 
estimated from the parental populations. Broad-sense 
heritability and genotypic variances tended to decrease from 
CO to C2. Most phenotypic and genotypic correlations between 
cL, and other traits were nonsignificant except for cL, and 
plant height which were negatively associated. 
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INTRODUCTION 
The lodging resistance factor (cL,) Is a method for 
estimating lodging resistance of small grains (Plnthus, 1973). 
The cL, factor= F/b, where F= bending force (g, determined 
where the culm stops Its downward bending), and b= culm length 
(Graflus and Brown, 1958). Significant correlations have been 
found between cL, and lodging resistance for barley (Hordeum 
vulaare L.) and oat (Avena satlva L.) (Graflus, 1958; Murphy 
et al., 1958). Norden and Frey (1959) found that changes In 
cLf values from anthesls to maturity were uniform across 
varieties of oats Indicating that the lodging resistance could 
be compared at any time during this period providing plant 
types and stages of maturity were similar. The cL, factor has 
been found to be more expensive to measure than other methods 
of estimating lodging resistance, such as the snap test (Frey 
et al., 1960) and unit straw weight (Atkins, 1938). 
Recurrent selection Is a population Improvement method 
used to increase frequencies of favorable alleles gradually. 
Improvement in the population occurs due to recombination of 
genes and the expression of new recombinants (Hanson, 1959). 
Recurrent selection was used initially by East and Jones 
(1918) to improve quantitative traits in maize (Zea mays L.) 
and was recommended for other allogamous species. 
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Difficulties in getting adequate numbers of crossed 
seeds and the long time needed to complete a single cycle have 
limited the use of recurrent selection for autogamous species, 
despite its theoretical advantages (Bailey and Comstock, 
1976). However, development of various techniques, such as 
those utilized at Iowa State University (ISU) which permit one 
cycle of recurrent selection to be conducted per year with oat 
(Prey et al., 1988), allows greater use of recurrent selection 
with autogamous species. The ISU procedure uses early 
generation testing, the approach method of crossing, and hill 
plots for evaluation of progenies. 
Phenotypic recurrent selection with oats has been 
effective in increasing 100-seed weight, reducing the symptom 
score of barley yellow dwarf virus, and increasing groat-oil 
content (Khadr and Frey, 1965; Baltenberger et al., 1988; 
Branson and Frey, 1989; Schipper and Frey, 1991). McFerson and 
Frey (1990) increased groat-protein yield of oat by 13, 16, 
and 12% over three cycles of SO.l line recurrent selection in 
three lines of descent. Using F4-line recurrent selection 
with oat, Payne et al., (1986), reported 11.5% gain in grain 
yield over three cycles of selection. 
Recurrent selection has been effective for improving 
lodging resistance in maize (Martin and Russell, 1984; 
Berzonsky et al., 1986; Thompson, 1972). Recurrent selection 
for lodging resistance and susceptibility in maize increased 
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MATERIALS AND METHODS 
The material used to initiate this study (cycle 0) was a 
population of 295 SO.l oat lines from the fifth cycle of the 
HGP line of descent that was used previously to improve groat-
protein yield of oat (McFerson and Frey, 1991). 
SO.l Recurrent Selection Procedure 
The recurrent selection protocol followed for cycle 0 
through cycle 2 was that described by Frey et al., (1988). 
Its steps were: (a) selection and intermating of SO.2 lines 
(b) growout of the SO seeds to produce SO.l lines, and (c) 
evaluation of SO.l lines in the following cycle (Cn+1). 
Twenty parents were selected from McFerson's HGP line of 
descent to initiate the cL, line of descent and two cycles of 
selection were completed. A selection restriction was used so 
that means for heading date and plant height for the selected 
parents in each cycle did not exceed the respective means for 
the cycle population from which they were chosen. This 
restriction was imposed to assure that the resulting gene pool 
would have the desired maturity and height for use in Iowa. 
The 20 oat lines selected as parents were intermated in a 
partial diallel (Jenson, 1970), where each parent was crossed 
to four others, so there were 80 crosses per cycle. Crossing 
was done in the greenhouse during fall season (September to 
November) using the approach method (McDaniel et al., 1967). 
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Four SO seeds per mating were grown in the greenhouse in the 
winter season (December-March) with one plant per 15-cm pot. 
Appropriate temperature and photoperiod regimes were used 
(day/night temperatures of 20-17and photoperiod of 9 hr 
for ca. 5 wk after germination then lengthened to 15 hr for 
the remainder of the growth cycle) so that each plant produced 
3 or 4 panicles synchronously (Frey et al., 1988). SO plants 
were harvested and threshed separately to obtain SO.l lines. 
The number of lines evaluated per cycle was ca. 300. The 300 
SO.l lines plus the parents and appropriate check cultivars 
were evaluated in the field in a randomized complete block 
design experiment during the summer season. A plot was a hill 
sown with 20 seeds and hills were spaced 30.5 cm apart in 
perpendicular directions. Two rows of hills were sown around 
the experiment to provide competition for peripheral plots. A 
systemic fungicide (Bayleton) was sprayed on the plants at 
anthesis to prevent foliar diseases, and the experiment was 
weeded by hand. 
In 1989, 295 SO.l lines from the CO population plus 5 
checks were evaluated for cL,, date of heading, and plant 
height in a 3-replication experiment at the Agronomy Field 
Research Center near Ames, Iowa. The sowing date was April 
5th, and the soil type was Nicollet silty loam (fine-loam, 
mixed, mesic, Aquic hapludoll). Nitrogen, phosphorus, and 
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potassium were broadcast at rates of 34-22-28 kg ha"^  prior to 
sowing. 
The CI population was evaluated for the same traits, in 
1990 in a randomized block experiment with two replications at 
Ames and one replication at Nashua. It contained 290 SO.l 
lines plus 10 checks and the 20 parents selected from CO. 
Sowing dates were 29 March and 2 April at Ames and the 
Northeast Research Center near Nashua, Iowa, respectively. 
The soil type at Nashua was a Readlyn loam (fine-loam, mixed, 
mesic, Aquic Hapludoll). Fertilizer application at Nashua was 
90 kg ha"' of N, and application at Ames was the same as in 
1989. 
In 1991, an evaluation experiment was conducted to assess 
the progress from two cycles of SO.l recurrent selection for 
cLf. The experiment contained: (a) 100 random SO.l oat lines 
from each cycle 0, cycle 1, and cycle 2 (b) parents from each 
cycle, and (c) 10 check lines each entered 6 times. This gave 
a total of 400 entries. 
The evaluation experiment was sown in a randomized 
complete block design with three replications grown at each of 
three sites; Agronomy Field Research Center near Ames, Iowa, 
the Southeast Research Center near Crawfordsville, Iowa, and 
the Clarion-Webster Research Center near Kanawha, Iowa. 
Sowing dates were April 24 at Ames, April 22 at 
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Crawfordsville, and May 2 at Kanawha. The soil types were a 
Taintor loam (fine, montmorillonitic, mesic, Typic Argiaguoll) 
at Crawfordsville, and a Webster silty clay (fine-loam, mixed, 
mesic, Typic Hapludoll), at Kanawha. Nitrogen, phosphorous, 
and potassium were broadcast applied at the rates of 50.5, 0, 
0, kg ha', respectively, at both Kanawha and Crawfordsville. 
The Crawfordsville site was discarded because of severe barley 
yellow dwarf virus (BYDV) infection. 
The actual layout of plots in the field was modified to 
facilitate measuring cL,. The microplots were planted in rows 
of 10 and a field block consisted of 18 such rows. A block 
was 3.5 X 5.5 m. Four rows of the 18 were border rows of 
plots and the other 14 consisted alternately of two rows of 
test plots and two rows of filler plots. Just prior to making 
the cL, and height measurements, the rows of border and filler 
plots were cut and removed to give "working place" for the 
crew making the cL, measurements. This provided for 80 
experimental microplots per block and five blocks per 
replication. 
Measured Characters 
The chain measurement (CH): Number of chain links supported 
by the culm; each link weighed 0.59 gm. 
Plant height (HT): Distance from ground level to panicle base 
(cm) . 
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Days to heading (HD); Days from sowing to 50% of culms with 
full panicles emerged. 
Grain yield (GY): Dry weight of threshed grain (tons ha*) 
Lodging resistance factor (cLJ: CH/HT (g.cm). 
Heading dates were measured on a plot basis on two 
replications at Ames. cL, values and plant heights were 
obtained for three random culms per plot on two replications 
at Ames and one replication at Kanawha. These two traits were 
measured between 12 and 15 days after heading. The individual 
culm values for cL, and plant height were averaged to give plot 
values. Grain yield was measured on the remaining replication 
at Ames and two replications at Kanawha. 
Statistical Analyses 
Data from the random lines were subjected to analyses of 
variance. Locations and genotypes were considered random 
effects and populations were fixed. Satterthwaite•s 
approximate F-test procedure was used to test population main 
effects, and an LSD test was used to compare population means 
(Steel and Torrie, 1980). The genotype-location interaction 
mean square for each population was tested for significance 
against the pooled error mean square. For each population, 
variance components due to genotypes (ff^ g) were tested for 
significance against the genotype-location interaction mean 
squares for that population. 
37 
To calculate phenotypic variance, genotypic variance, 
and heritability, the data was pooled over environments and 
subjected to analyses of variance. The model includes 
genotype, environment, and genotype X environment interaction 
effects. Approximate confidence intervals for were 
calculated by using the method of Bulmer (1957) and Williams-
Tukey method (Boardman, 1974). Broad-sense heritability (h^ ) 
was computed on an entry mean basis for each cycle, by using 
the formula: 
hz = CT2g/a2p 
where and are geneotypic and phenotypic variance, 
respectively. Exact 90% confidence intervals for h^  were 
calculated by applying the method of Knapp et al., (1985). 
Orthogonal polynomial regressions were computed to 
partition the variance due to populations into variation due 
to cycles linear and cycles quadratic effects as well as 
cycles vs. parents plus checks, parents vs. checks, and cycle 
one parents vs. cycle two parents effects. These effects were 
measured for significance by testing their mean squares 
against the genotype-location interaction mean square. 
Phenotypic and genotypic correlations between cL, and 
other traits were computed on an entry mean basis within 
populations by using the formula: 
38 
cov{xy) 
yjvax (x) xvar (y) 
where cov(xy) is the phenotypic or genotypic covariance 
between traits x and y, and var(x) and var(y) are the 
phenotypic or genotypic variances for traits x and y, 
respectively. 
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RESULTS AND DISCUSSION 
cL, Response 
According to the analysis of variance, the cycle means 
for the oat line of descent did not differ for cL, (Table 1). 
However, for both the populations of SO.l lines and of 
parental lines, the cL, means showed steady increases over 
cycles. For the populations of lines the increase from CO to 
CI was 0.017 (5.5% of the CO means), and the increase from CI 
to C2 was 0.033 (10.1% of the CI): The later value exceeded 
the LSD0.05. The total increase in cL, was 0.050 or 16.1% of the 
CO mean. The cL^  increase from the CI to C2 parent means was 
0.021 (6.8% of the CO mean) and the increase from the C2 
parent mean to the estimated C3 parent mean (i.e., selection 
differential x heritability) was 0.040 (12.9% of the CO mean): 
Thus, the total projected increase in cL, was 19.7% of the CO 
mean for 3 cycles of selection. The gains in cL, obtained per 
cycle of selection ranged from 6.2% based on 3 cycles of 
parents to 8.1% based on 2 cycles of progenies. The gain in 
lodging resistance of maize reported by Thompson (1963) was 
11% over 3 cycles of selection (3.7% per cycle) in one 
synthetic and 9% (3% per cycle) in a second synthetic. Martin 
and Russell (1984) reported an increase in stalk strength of 
11% of CI mean from CI to C2 and a decrease of 32% of the C2 
mean between C2 and C3 when using SI line selection. 
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Table 1. Means for lodging resistance factor (cL,), grain 
yield, plant height, and days to heading measured on 
progeny oat lines In CO, CI, and C2, and 
parent oat lines In CI, C2, and C3. 
Cycles CL,' GY HT HD 
(g.cm) (t ha-') (cm) 
Populations 
CO 0.309 2.00 68.60 85.86 
CI 0.326 1.98 69.72 87.10 
C2 0.359 1.98 69.29 87.46 
LSD(0.05)b 0.026 0.90 0.79 0.51 
%• 16 -1 1 2 
Parents 
CI 0.316 2.04 70.18 86.38 
C2 0.337 1.56 69.32 87.55 
C3 0.377 1.60 68.30 87.55 
LSD(0.05)b 0.059 0.22 1.77 1.14 
This row Indicates percent change In CO to C2. 
•"for cycle means comparisons. 
'cL, = lodging resistance factor, GY = grain yield, HT = 
plant height, and HD = days to heading. 
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When estimated from parental lines they found an increase of 
13.0% of the CI mean and a decrease of 31% of the C2 mean from 
C2 to C3. Prest et al., (1983) reported an increase of 9.0% 
per cycle (1.8% per year) in number of lodging resistant 
plants (pre-frost) and 13.8% per cycle (2.8% per year) in 
number of lodging resistant plants (post-frost) in sorghum 
(Sorghum bicolor (L) Moench), when they used recurrent 
selection. 
The genotypic variances for cL, evaluated in 1991 were 
estimated to be significant in CO and CI at the 1.0% and 5.0% 
level, respectively and not significant in C2. Confidence 
limits for the included zero for CI and C2 (Table 2). In 
the two selection years, 1989 and 1990, the o^ g's were highly 
significant also. In 1989, the CO was 0.0002 (confidence 
interval=0.000 - 0.0050) and in 1990, the CI value was 
0.0012 (confidence interval=0.000 - 0.0090). Because the 
of the C2 was not significant, no progress would be expected 
from additional cycles of selection for cL,. In a comparable 
study Prey and Norden (1959) obtained a^ g's of 0.036 and 0.009 
for cLr in two oat populations. In sorghum, Prest et al., 
(1983) reported a^ g's of 7.58 and 18.75 (calculated on the 
basis of additive plus additive x additive gene action) for 
lodging pre-frost and post-frost, respectively. 
The h2 values for cL,, estimated in broad sense, ranged 
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from 47% in CO to 21% in C2. The confidence intervals for CI 
and C2 included zero, and all of the confidence intervals were 
very broad, reflecting the large errors associated with a^ g. 
Lodging resistance in maize also showed a large error 
associated with a^ g (W. A. Russell, personal communication). 
Comparable heritabilities computed for the CO in 1989 and the 
CI in 1990 were 10 and 39%, respectively: Thus, over years 
the average h^  for cL, was 29% on a line mean basis when 3 
culms were measured per plant and 3 replications were used. 
It is for traits with low heritabilities, such as cL,, that 
recurrent selection is an appropriate plant breeding method. 
Standard unit heritabilities for cL^  reported by Frey and 
Norden (1959) were 19, 16, and 15% for F2-F3, F2-F4, and F3-
F4, respectively. Prest et al., (1983) reported 
heritabilities of 55 and 51% for lodging pre-frost and post-
frost respectively, for sorghum. Their values were calculated 
on the basis of additive plus additive x additive gene action. 
This study was not designed to evaluate the gene action 
responsible for the expression of cL,, but there is some 
evidence for dominance effect on this trait. The use of SO.l 
line recurrent selection is predicated upon the primary gene 
action being additive. That is, with additive gene action, 
SO.l line performance reflects the genotypic value of the line 
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Table 2. Genotypic variance(a2)and heritability percentages 
with confidence interval (1-a = 0.90) for the five 
traits measured on oat lines in CO to C2. 
Trait Cycle Confidence h» Confidence 
interval interval 
cL/ CO 0.004 0.002-0.000 47 27-62 
(g.cm) CI 0.002 0.000-0.003 30 00-48 
C2 0.002 0.000-0.004 21 -10-43 
GY CO -0.25 -8.89-7.81 1 -41-28 
(t ha') CI -4.77 -15.57-4.20 -19 -66-14 
C2 2.00 -7.10-10.91 7 -29-34 
HT CO 15.06 4.44-27.49 37 12-55 
(cm) CI 28.08 4.44-54.97 32 06-52 
C2 12.96 6.48-21.01 48 28-63 
HD CO -1.70 -3.93—0.02 -40 -95-00 
CI -0.008 —2.61—2.43 1 -40-28 
C2 1.38 -0.78-21.01 20 -12-42 
*cLr = lodging resistance factor, GY = grain yield, HT = 
plant height,and HD = days to heading. 
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directly. If gene action for a trait is appreciatively non-
additive, than SO.l line performance may not reflect the 
genotype directly. If nonadditive gene action is prevalent, 
only after several generations of selfing will the genetic 
effects be largely additive (i.e, in SO.2 to SO.4). If the 
primary gene action is additive, the parental line means, 
which were SO.3 and SO.2 when tested, and the progeny means, 
which were SO.2 and SO.l when tested for CI and C2, 
respectively, should be equal within cycles. The progeny 
(SO.2) mean for cL, was 0.01 greater than the parental (SO.3) 
mean in CI and the progeny (SO.l) mean was 0.022 greater than 
the parental (SO.2) mean in C2. Neither of these differences 
was significant but both are positive and the greatest 
difference was between SO.l and SO.2: These results suggest 
that dominance for high cL, may account for part of the gene 
action of the trait. In previous studies with maize, Loesch 
(1972) and Arnold and Josephson (1975) reported that additive 
genetic variance was important in controlling stalk strength, 
but Arnold and Josephson (1975) showed that dominance x 
dominance epistasis accounted for part of the gene action. If 
non-additive gene action is being expressed in genetic control 
of cLf in oat, selection for high cL, value may be more 
successful by testing progenies in later generations. 
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Other Traits 
Grain yield means for the oat populations selected for 
cL, showed a 1.0% decrease from CO to CI and no further change 
from CI to C2 (Table 1). The comparable parental populations 
showed a significant reduction from CI to C2 and a slight 
increase from C2 to C3. Genetic variances and heritabilities 
for grain yield were not significant in any cycle (Table 2). 
The sudden decrease in the parental means in C2 and C3 are not 
explicable because a comparable decrease did not take place in 
the C2 population. Thus, there is little evidance that 
selection for cLr had much if any effect on grain yield of 
oat. 
Means for plant height and days to heading for the 
populations increased significantly from CO to CI, in spite of 
the restriction placed on these traits when the parents were 
selected. The changes from CI to C2 were not significant. The 
parental means show ca 1.0 cm decrease between CI and C2 and 
C2 and C3, whereas heading date increased only from CI to C2 
(Table 1) . The for plant height was significant in each 
cycle and it showed no tendency to increase or decrease. 
Heritability ranged from 32% in CI to 48% in C2. The and 
heritabilities for days to heading were nonsignificant for all 
three cycles. Thus, the rstrictions placed on heading date 
and plant height were not effective in holding the means for 
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these traits unchanged. Klein (1990) used a similar 
restriction on plant height and found no change over three 
cycle of recurrent selection for test weight in oat. In other 
studies McFerson and Frey (1991) and Payne et al., (1986) 
reported increases in plant height following recurrent 
selection for protein and grain yield, respectively. To a 
certain extent, restrictions that were applied to plant height 
and heading date may have reduced the selection differential, 
and therefore, progress for the primary trait, cL,. 
Trait Associations 
Phenotypic correlations between cL, and grain yield were 
-0.28, -0.15, and -0.17 for CO, CI, and C2 respectively, and 
none of these correlations were significant (Table 3). The 
genotypic correlations between these traits were 3.80, 0.25, 
and -2.16 for CO, CI, and C2, respectively, with the CO and C2 
correlations being significant at the 0.01 level. Phenotypic 
correlations reported by Norden and Frey (1959) were 0.45 and 
0.49 between cL, and grain yield in 1956 and 1957, 
respectively, for measurements within parent oat cultivars, 
whereas within crosses, the genotypic correlation was 0.15. 
For maize, phenotypic correlations between grain yield and 
crushing strength and grain yield and erect plants were -0.60 
and -0.54, respectively, as reported by Thompson (1972). 
Remison and Akinelye (1978) reported the phenotypic 
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Table 3. Phenotypic and genotypic correlations between cL, and 
the other traits of oats in cycle 0, cycle 1, and 
cycle 2. Standard errors in parentheses. 
Trait CO CI C2 
GY'phenotypic -0. 28 -0.15 -0. 17 
(t ha-1) 
genotypic 3 .80 (0.174) 0.25 (0. 080) -2 .16 (0.320) 
HT phenotypic -0 .48** -0.45** -0 .45** 
(cm) 
genotypic 1 .03 (0.001) -1.37 (0. 040) -0 .94 (0.001) 
HD phenotypic -0 .09 -0.04 -0 .03 
genotypic 0 .13 (0.007) 0.25 (0. 030) -0 .28 (0.020) 
** Significant at 0.01 probability level. 
'GY = grain yield, HT = plant height,and HD = days to 
heading. 
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correlation between total plants lodged and grain yield to be 
-0.68. Prest et al., (1983), who worked on sorghum, reported 
nonsignificant phenotypic and genotypic correlations of 0.04 
and 0.07, between grain yield and pre-frost stalk lodging and 
and -0.24 and -0.06 between grain yield and post-frost stalk 
lodging, respectively. 
Generally, associations between grain yield and various 
measures of lodging resistance for maize and sorghum tend to 
be negative, whereas for oat they tend to be positive. True, 
many of the associations are low and often nonsignificant in 
all three species; but probably cL, can be improved in oat 
without reducing grain yield when recurrent selection is used 
as the breeding method. 
Significant negative phenotypic correlations between cL, 
and plant height were found in all three populations (Table 
3). The genotypic correlations were -1.03, -1.37, and -0.94, 
for CO, CI, and C2, respectively. Similarly, Norden and Frey 
(1959) reported phenotypic correlations of -0.38 and -0.42 
within oat cultivars and crosses, respectively. Their 
genotypic correlation was -0.48 for crosses. Phenotypic 
correlations of 0.53 and 0.67 between total maize plants 
lodged and plant height for early and late season experiments 
was reported by Remison and Akinleye (1978). The latter was 
significant at 0.05 level. Mukherjee et al., (1967) reported 
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a phenotypic correlation of 0.25 between lodging and plant 
height for wheat (Triticum astivum L.). Correlations between 
plant height and any measure of lodging resistance tend to be 
negative regardless of the cereal species researched. This 
indicates that an indirect way to increase the lodging 
resistance of cereals, including oat, is via selection for 
short plant height. 
Phenotypic and genotypic correlations between cL, and days 
to heading were small and nonsignificant in all cycles (Table 
3). With maize, Remison and Akinleye (1978) found phenotypic 
correlations of -0.08 and 0.14 between plants lodged and 
number of days to 50% tassel and number of days to 50% silk, 
respectively. Prest et al., (1983) reported phenotypic 
correlations of -0.25 and -0.14 between flowering and pre-
frost stalk lodging and flowering and post-frost lodging, 
respectively, for sorghum. The corresponding genotypic 
correlations were 0.32, and -0.14, respectively. These 
results suggest that lodging can be improved in oat or any 
cereal without affecting maturity. 
Season Effect on Study 
The 1991 season in which the evaluation experiment was 
conducted was very different than the 1989 and 1990 seasons 
when selection was practiced for cL,. The 1989 and 1990 
seasons were optimum for oat plant growth and production. 
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SECTION III. RECURRENT SELECTION FOR UNIT STRAW WEIGHT 
(USW) IN OAT (Avena sativa L.) 
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ABSTRACT 
The objectives of this study were to determine the 
efficacy of recurrent selection for increasing unit straw 
weight (USW) of oat and to determine the effect of selection 
for USW upon other plant traits. The base population (CO) 
consisted of 295 SO.l oat lines from the fifth cycle of the 
HGP line of descent that was used previously to improve groat-
protein yield of oat. The recurrent selection procedure 
consisted of intermating of SO.2 lines, growing SO seeds to 
produce SO.l lines, and field evaluation of SO.l lines. Each 
cycle required one year for completion. Two cycles were 
completed, and ca. 300 lines were evaluated in each cycle. 
Response to selection was evaluated by testing random 
samples, each with 100 lines from cycles 0, 1, and 2, parents 
from all cycles, and a set of checks. The gain in USW per 
cycle of selection was 0.5% of the CO mean when estimated from 
progenies to 4.9% of the CO mean when estimated from parents. 
Broad-sense heritabilities were moderate and significant in 
all cycles. Phenotypic and genotypic correlations between USW 




Unit straw weight, or weight per unit length of straw, 
has been suggested as an index of lodging resistance in 
cereals. In fact, Atkins (1938) found that unit straw weight 
(USW) was more closely correlated to lodging resistance than 
were other indirect methods of evaluation of this trait. This 
method is inexpensive and rapid, requiring no special 
equipment, and the trait is highly heritable (Atkins, 1938). 
In studies by Takeda and Frey (1985, 1987) selection for USW 
indirectly increased grain yield of oat (Avena sativa L.) but 
it has not been used as an index for lodging resistance for 
more than 50 years. 
Recurrent selection is a plant breeding method used to 
gradually increase frequencies of favorable alleles in a 
population of plants. Improvement in the population mean 
occurs due to recombination of favorable alleles and the 
expression of new recombinants (Hanson, 1959). It was used 
initially by East and Jones (1918) to improve quantitative 
traits in maize (Zea mavs L.) and they recommended it for 
other allogamous species. Difficulties in obtaining adequate 
numbers of crossed seeds and the time needed to complete one 
cycle have limited the use of recurrent selection with 
autogamous species, despite its theoretical advantages (Bailey 
and Comstock, 1976). However, the recent development of 
various techniques, those used in the procedure utilized at 
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Iowa State University (ISU) that permits one cycle of 
recurrent selection to be conducted per year with oat (Frey et 
al., 1988), has allowed greater use of recurrent selection 
with autogamous species utilizing early generation testing, 
the approach method of crossing, and hill plots for evaluation 
of progenies. 
Recurrent selection with oat has been effective for 
increasing 100-seed weight, reducing the symptom score of 
barley yellow dwarf virus, and increasing groat-oil content 
(Khadr and Frey, 1965; Baltenberger et al., 1988; Branson and 
Frey, 1989; Schipper and Frey, 1991). McFerson and Frey (1991) 
increased groat-protein yield of oat by 13, 16, and 12 % over 
three cycles of SO.l line recurrent selection in three lines 
of descent. Using F4-line recurrent selection with oat, Payne 
et al., (1986), reported 11.5% gain in grain yield over three 
cycles. 
The objectives of this study were; (a) to evaluate 
the efficacy of SO.l recurrent selection for improving USW 
and (b) to determine the responses of unselected agronomic 
traits when USW was selected. 
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MATERIALS AND METHODS 
The materials used to initiate this study (cycle 0) were 
295 SO.l oat lines from the fifth cycle of the HGP population 
that was used previously to improve groat-protein yield of oat 
(McFerson and Frey, 1991). 
SO.l Recurrent Selection Procedure 
The recurrent selection protocol followed for cycle 0 
through cycle 2 was that described by Frey et al., (1988). 
Its steps were; (a) selection and intermating of SO.2 lines 
(b) growout of the SO seeds to produce SO.l lines, and (c) 
evaluation of SO.l lines in the following cycle (Cn+1). 
Twenty parents were selected from the HGP population to 
initiate the USW line of descent, and two cycles of selection 
were completed. A selection restriction was used so that 
means for heading date and plant height of the selected parent 
lines in each cycle did not exceed the respective means for 
the cycle population from which they were chosen. This 
restriction assured that the resulting gene pool would have 
desirable maturity and height for Iowa. 
The 20 oat lines selected as parents were intermated in a 
partial diallel (Jenson, 1970), where each parent was crossed 
to four others, so there were 80 crosses per cycle. Crossing 
was done in the greenhouse during fall season (September to 
November) using the approach method (McDaniel et al., 1967). 
Four SO seeds per mating were grown in the greenhouse in the 
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winter season (December-March) with one plant per 15-cm pot. 
Appropriate temperature and the photoperiod regimes were used 
(day/night temperatures are 20-17°C, and photoperiod of 9 hr 
for ca. 5 wk after germination then lengthened to 15 hr the 
remainder of the growth cycle) to obtain plants that produced 
3 or 4 panicles synchronously. SO plants were harvested and 
threshed individually to obtain SO.l lines. The number of 
lines per population was ca. 300. The 300 SO.l lines plus the 
parents and appropriate check cultivars were evaluated in the 
field in a randomized complete block design experiment during 
the summer season. A plot was a hill sown with 20 seeds and 
hills were spaced 30.5 cm apart in perpendicular directions. 
Two rows of hills were sown around the experiment to provide 
competition for peripheral plots. A systemic fungicide 
(Bayleton) was sprayed on the plants at anthesis to prevent 
foliar diseases, and the experiment was hand weeded. 
In 1989, 295 SO.l lines from the CO population plus 5 
checks were evaluated for USW, date of heading, and plant 
height at the Agronomy Field Research Center near Ames, Iowa. 
The sowing date was 5 April, and the soil type was Nicollet 
silty loam (fine-loam, mixed, mesic, Aguic hapludoll). 
Nitrogen, phosphorus, and potassium were broadcast at rates of 
34-22-28 kg ha'* prior to sowing. 
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The Cl population was evaluated in 1990 in a randomized 
block experiment with three replications at each of two sites, 
Ames and Nashua, with 290 SO.l lines plus 10 checks and the 20 
parents selected from CO. Sowing dates were 29 March and 2 
April at Ames and the Northeast Research Center near Nashua, 
Iowa, respectively. The soil type at Nashua was a Readlyn 
loam (fine-loam, mixed, mesic, Aguic Hapludoll). Fertilizer 
application at Nashua was 90 kg ha'* of N, and application at 
Ames was the same as in 1989. 
Evaluation of Recurrent Selection 
In 1991, an evaluation experiment was conducted to assess 
the progress from two cycles of SO.l recurrent selection for 
USW. The experiment contained; (a) 100 random oat lines from 
each cycle 0, cycle 1, and cycle 2, (b) parents from each 
cycle, and (c) 10 check lines each entered 6 times. This gave 
a total of 400 entries. 
The evaluation experiment was grown in a randomized 
complete block design with three replications grown at each of 
the three sites: Agronomy Field Research Center near Ames, 
Iowa, the Southeast Research Center near Crawfordsville, Iowa, 
and the Clarion-Webster Research Center near Kanawha, Iowa. 
Sowing dates were 24 April at Ames, 22 April at 
Crawfordsville, and 2 May at Kanawha. The soil types were a 
Taintor loam (fine, montmorillonitic, mesic, Typic Argiaquoll) 
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at Crawfordsville, and a Webster silty clay (fine-loam, mixed, 
mesic, Typic Hapludoll), at Kanawha. Nitrogen, phosphorous, 
potassium were broadcast applied at the rates of 50.5, 0, 0, 
kg per ha', respectively at both Kanawha and Crawfordsville. 
The Crawfordsville site was discarded because of severe barley 
yellow dwarf virus (BYDV) infection. 
Measured Characters 
Days to heading (HD); Days from sowing to 50% of culms with 
full panicle emergence. 
Plant height (HT); Distance from ground level to panicle tips 
(cm). 
Biomass (M): Dry weight of all culms harvested from a 
plot (t ha"') 
Grain yield (GY): Dry weight of threshed grain (t ha'). 
Unit straw weight (USW); Biomass minus grain yield divided by 
plant height (g cm'). 
All traits were measured on a plot basis with days to 
heading being recorded for two replications at Ames, and plant 
height recorded for two replications at each location. 
Statistical Analyses 
Data for each trait were subjected to an analysis of 
variance. Locations and genotypes were considered random 
effects and populations were fixed. Satterthwaite•s 
approximate F-test procedure was used to test population main 
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effects, and LSD test was used to compare population means 
(Steel and Torrie, 1980). The genotype-location interaction 
mean square for each population was tested for significance 
against the pooled error mean square. For each population, 
variance components due to genotypes (&:,) were tested for 
significance against the genotype-location interaction mean 
squares for that population. To calculate phenotypic 
variance, genotypic variance, and heritability the data was 
pooled over environments and subjected to analyses of 
variance, using a model that includes genotype, environment, 
and genotype X environment interaction effects. Approximate 
confidence intervals for a^ g were calculated by using the 
methods of Bulmer (1957) and Williams-Tukey method (Boardman, 
1974). Estimates of broad-sense heritability (h^ ) were 
computed on an entry mean basis for each cycle. 
h2= pZg/pZp 
where and are genotypic and phenotypic variances, 
respectively. Exact 90% confidence intervals for h' were 
calculated by applying the method of Knapp et al., (1985). 
Orthogonal polynomial regressions on cycles were computed 
to partition the variance due to populations into variation 
due to cycles linear and cycles quadratic effects as well as, 
cycles vs. parents plus checks, parents vs. checks, and cycle 
one parents vs. cycle two parents effects. These effects were 
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tested for significance by using the genotype-location 
interaction mean square. 
Phenotyplc and genotypic correlations between unit straw 
weight and other traits were computed on an entry mean basis 
within populations by using the formula; 
cov(xy) 
y/vax{x) xvar (y) 
where cov(xy) is the phenotyplc or genotypic covarlance 
between traits x and y, and var(x) and var(y) are the 
phenotyplc or genotypic variances for traits x and y, 
respectively. 
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RESULTS AMD DISCUSSION 
usw 
The means for SO.l populations for USW was decreased 
0.009 g cm"' (2% of the CO mean) from CO to CI, but increased 
0.013 g cm"' (3% of the CI mean) from CI to C2 (Table 1). The 
total increase in USW was 0.004 or 1% of the CO mean. USW 
means also increased for parental lines (Table 1). The 
increase was 0.038 g cm"' (8% of CI mean) from the CI to C2 
and 0.030 g cm"' (6% of C2 mean) from the C2 to the estimated 
C3 parent mean (i.e selection differential x heritability). 
The decrease in the USW shown by the SO.l populations of lines 
from CO to CI was probably an artifact caused by the sample of 
100 lines chosen to represent the CO population in the 
evaluation experiment being non representative of the larger 
population of lines as a whole from which they were chosen. 
In fact, when examining data from 1989 when the complete CO 
was grown, the USW mean of the 100 lines randomly chosen to 
represent the CO population exceeded the larger population 
mean by 8.4%. If the USW mean for the CO sample grown in 1991 
were reduced by 8.4%, the value would have been 0.428. With 
0.428 as the CO mean, the increase in USW would have been 
0.030 (7% of the CO mean) from CO to CI. Thus the total 
increase from CO to C2 would have been 10%, or an average of 
5% per cycle. 
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Table 1. Means of unit straw weight, grain yield, blomass, 
plant height, and days to heading for the CO, 
CI, and C2 populations of SO.l lines, and the Cl, C2, 
and 03 parents. 
Cycles USW M GY HT HD 
(g cm"') (t ha"') (t ha-1) (cm) 
Populations 
CO 0.467 9.00 2.43 89.20 86.87 
Cl 0.458 8.64 2.18 88.42 87.00 
C2 0.471 8.54 2.02 87.04 88.00 
LSD(0. 05)' 0.02 0.37 0.18 0.07 1.21 
%*" 1 —5 -17 -2 1 
Parents 
Cl 0.429 8.52 2.24 89.20 86.62 
C2 0.467 8.95 2.27 89.30 86.82 
C3 0.497 9.00 2.29 88.57 87.44 
LSD(0. OS): 0.05 0.83 0.40 0.15 2.71 
'For cycle mean comparison. 
T^hls row Indicates percent change from CO to C2. 
°For cycle parent mean comparisons. 
'USW = unit straw weight, M= blomass, GY = grain yield, HT 
= plant height, and HD = days to heading. 
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Table 2. Genotypic variance (a^ ) and heritability percentages 
(h*) with confidence interval (1-a = 0.90) for the 
five traits measured on oat lines in CO to C2. 




usw' CO 0.003 0.002-0.005 50 30—64 
(g cm') CI 0.003 0.001-0.005 41 18-58 
C2 0.003 0.002-0.006 48 28-63 
GY CO 9.02 2.20-16.90 35 10-54 
(t ha-') CI 12.46 6.69-19.74 51 32-65 
C2 9.98 3.70-17.48 41 61-80 
M CO 83.99 45.74-132.4 52 33—65 
(t ha') CI 100.50 65.25-147.5 63 48-73 
C2 81.79 48.97-124.3 57 40-69 
HT CO 16.38 11.33-23.28 69 57-78 
(cm) CI 18.00 11.63-26.47 62 47-73 
C2 24.84 17.66-34.97 72 61-80 
HD CO 1.67 —0.50—4.01 23 -08-44 
CI 1.90 0.01-4.01 28 00-47 
C2 1.01 -1.40-3.47 13 -21-38 
'USW = unit straw weight, M = biomass, GY = grain yield, 
HT = plant height, and HD = days to heading. 
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increase from Cl to C2 in the SO.l population, (and from CO 
to C2 if the adjusted mean for CO is used) all indicate that 
additive genetic effects must cause a major portion of the 
expression of USW in this oat line of descent. With a high 
level of non additive genetic effects selection for USW using 
early generation testing would be expected to be ineffective. 
Other Traits 
When based on the populations of SO.l oat lines, 
selection for USW caused significant decreases in biomass (-
5%), grain yield (-17%), and plant height (-2%) over the two 
cycles of selection in this oat line of descent (Table 1). 
However on the basis of CI, C2, and C3 parental means, grain 
yield and biomass did not change significantly when USW was 
selected. 
Phenotypic correlations between USW and biomass were 
0.94, 0.93,and 0.91 for CO, CI, and C2, respectively, all of 
which are highly significant (Table 3). The genotypic 
correlations also are very high for all cycles, which 
indicates that selection for high USW will lead to increased 
biomass. This result was expected because USW is an index 
which includes biomass in the numerator. Also there were 
positive and significant (at 0.01 level) phenotypic 
correlations between USW and grain yield in all cycles (0.69, 
0.68, and 0.70 for CO, CI, and C2, respectively). The 
genotypic correlations were 0.84, 1.20, and 0.54 for CO, CI, 
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and C2, respectively. Takeda and Frey (1985) reported a 
genetic correlation of 0.74 between USW and grain yield. 
These associations within populations are diametrical opposed 
to the changes that occurred in the cycle means. According to 
the cycle means for the SO.l populations, selection for USW 
decreased grain yield and biomass, but within populations, 
there are high positive associations between USW and biomass 
and USW and grain yield. The 1991 season was not conducive to 
good oat production, so the mix of associations between USW 
and other vigor traits found in this study may be 
environmentally induced. Therefore, more investigation is 
needed on this point, especially in better oat growing 
seasons. 
Significant positive phenotypic correlations between USW 
and plant height were found in all cycles (Table 3). The 
genotypic correlations were 0.86, 1.05, and 0.31, for CO, CI, 
and C2, respectively. Atkins (1938) reported positive 
correlations between USW and plant height ranging from 0.02 -
0.68 for different crosses of wheat. In oat, a non 
significant genotypic correlation between USW and plant height 
was reported by Takeda et al., (1985). Because of the 
selection restriction placed on plant height a non significant 
correlation would more likely be expected than the results 
obtained. As previously mentioned investigation of this 
during better oat producing seasons is necessary. As we found 
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Table 3. Phenotypic and genotypic correlations between USW 
and the other traits in cycle 0, cycle 1, and cycle 
2. Standard errors in parentheses. 
CO CI C2 
M* phenotypic 0.94** 0.93** 0.91** 
(t ha-') 
genotypic 0.97 (0.001) 1.05 (0.004) 0.88 (0.047) 
GY phenotypic 0.69** 0.68** 0.70** 
(t ha-') 
genotypic 0.84 (0.001) 1.20 (0.007) 0.54 (0.025) 
HT phenotypic 0.64** 0.64** 0.54** 
(cm) 
genotypic 0.86 (0.003) 1.05 (0.002) 0.31 (0.013) 
HD phenotypic 0.07 0.15 0.24 
genotypic -0.02 (0.011) -0.27 (0.010) 0.01(0.016) 
**Significant at the 0.01 probability level. 
'M = biomass, GY = grain yield, HT = plant height, and HD 
= days to heading. 
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for grain yield and biomass, cycle means for the SO.l 
populations show that plant height decreased as USW increased 
via selection. This indicates that the selection restriction 
placed on plant height was effective. 
Phenotypic and genotypic correlations between USW and 
days to heading tended to be low and nonsignificant in all 
cycles (Table 3). Similar results were reported by Takeda et 
al., (1985). Means of the populations and means of the 
parents selected from those populations were almost the same, 
and none of them differed by more than one day (Table 1). 
These results show that the selection restriction applied on 
days to heading was successful in keeping days to heading 
close to the original population mean without inhibiting 
progress in the improvement of USW. 
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Lodging in small grains reduces grain yield and increases 
the cost of harvesting. Lodging is a characteristic of a 
plant population and not a single plant, and it is greatly 
influenced by both genetic and environmental factors. In any 
given test of small grain varieties, environmental conditions 
may result in no differential lodging (i.e. all varieties 
lodged or no varieties lodged). Therefore, indirect methods 
to evaluate varieties for lodging resistance have been 
devised, but no single procedure has been satisfactory for all 
environments. The measurements most highly correlated with 
lodging per se are snap scores and coefficients of lodging 
resistance (cL,) (Pinthus, 1973) . 
The objectives of this research were to; 
(a) evaluate three indirect methods of measuring lodging 
resistance; namely, coefficient of lodging resistance(cL,), 
unit straw weight, and straw breaking strength, (b) determine 
the efficacy of SO.l line recurrent selection for improving cL, 
and unit straw weight, and (c) determine responses of 
unselected agronomic traits when lodging resistant genotypes 
are selected. 
To evaluate the three methods of measuring lodging 
resistance, fifty varieties and lines of oats adapted to the 
midwestern USA were grown in a randomized complete block 
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design with three replications each year during 1989 and 1990. 
The 50 genotypes were evaluated for cL,, USW, and straw 
breaking strength. Correlations among different methods of 
measuring lodging resistance showed inconsistency over years 
and even for different plot types within the same year and 
location. The snap test appears to be the most useful method 
of predicting lodging resistance. This method can not be done 
in hill plots, so USW may be a method that can be used in 
these small plots to eliminate lines with poor straw strength 
in early generations. It appears that multilocation testing 
over years with snap test and actual lodging scores will be 
needed to determine lodging resistance of new and potential 
oat varieties. 
To determine the efficacy of recurrent selection for cL, 
and USW and the effect of selecting resistant plants on other 
traits, two cycles of SO.l recurrent selection were completed. 
Each cycle consisted of intermating SO.l lines selected for 
high cL,/USW, growing SO seeds to produce SO.l lines, and field 
evaluation of SO.l lines for cL,/USW. Each cycle took one year 
to complete and ca. 300 lines were evaluated in each cycle. 
The response to selection was evaluated in a randomized 
complete block design with three replications at three 
locations by testing a random set of 100 lines each from 
cycles 0, 1, and 2, parents from all cycles, and a set of 
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checks. 
Results of the cL, selection showed an Increase in the cL, 
mean of 8.1% of the CO mean per cycle estimated from the 
progeny populations and 6.6% of the CO mean per cycle 
estimated from the parental populations. Broad-sense 
heritability and genotypic variances tended to decrease from 
CO to C2. Selection for cL^  caused a decrease in grain yield 
and a slight increase in plant height and heading date when 
comparing cycle mean values. Most phenotypic and genotypic 
correlations between cL, and other traits were nonsignificant 
except for the negative association between cL^  and plant 
height. 
USW results indicated that gain per cycle of selection 
was 0.5% of the CO mean when estimated from progenies and 
4.9% of the CO mean when estimated from parents. Broad-sense 
heritabilities were moderate and significant in all cycles. 
Selection for USW caused decreases in biomass, grain yield 
and plant height and a slight increase in heading date when 
comparing cycle mean values. Phenotypic and genotypic 
correlations between USW and all other traits, except days to 
heading, when measured within populations, were positive and 
highly significant. 
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APPENDIX 
ANALYSIS OF VARIANCE TABLES 
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Table Al (continued) 
Checks 59 0.018 
Pooled Error 394 0.018 
Corrected Total 1199 
* Significant at the 0.05, probability level. 
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Table A2. Analysis of variance for grain yield (cL, 
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*, ** Significant at the 0.05, and 0.01 probability levels, 
respectively. 
Table A3. Analysis of variance for plant height (cL, 
population) evaluated at two locations (Ames and 
Kanawha, 1991). 
SOURCE df MS 
Location 1 13998.61 
Replications(Loc) 1 115.61 
Populations 5 61.25 
cycles vs parents and checks 1 68.02 
Cycles linear 1 98.04 
Cycles quad. 1 51.12 
parents vs checks 1 4.77 
CI parents vs. C2 parents 1 39.20 
Location * Population 5 33.76 
Error(a) 5 178.83 
Within CO 99 80.93* 
CI 99 173.20* 
C2 99 53.77* 
CI parents 19 24.96 
C2 parents 19 36.30** 
Checks 59 26.81 
Loc*within CO 99 50.80* 
CI 99 117.00 
C2 99 27.77 
CI parents 19 26.06 










*, ** Significant at the 0.05, and 0.01 probability levels, 
respectively. 
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Table A4. Analysis of variance for days to heading (cL, 





cycles vs parents and checks 
Cycles linear 
Cycles quad. 
parents vs checks 
CI parents vs. C2 parents 
Error(a) 5 
Within CO 99 
CI 99 
C2 99 
CI parents 19 
C2 parents 19 
Checks 59 
Pooled Error 394 

















*, ** Significant at the 0.05, and 0.01 probability levels, 
respectively. 
Table AS. Analysis of variance for unit straw weight 
evaluated at two locations (Ames and Kanawha, 
1991). 
SOURCE df MS 
Location 1 4.640 
Replications(Loc) 2 0.470 
Populations 5 0.065 
cycles vs parents and checks 1 0.080 
Cycles linear 1 0.160* 
Cycles quad. 1 0.015 
parents vs checks 1 0.031 
CI parents vs. C2 parents 1 0.037 
Location * Population 5 0.032 
Error(a) 10 0.009 
Within CO 99 0.013** 
CI 99 0.014** 
C2 99 0.014** 
CI parents 19 0.013 
C2 parents 19 0.018 
Checks 59 0.011* 
Loc*within CO 99 0.007 
CI 99 0.008 
C2 99 0.007 
CI parents 19 0.007 
C2 parents 19 0.014* 
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Table AS (continued) 
Checks 59 0.007 
Pooled Error 394 0.009 
Corrected Total 1199 
*, ** significant at the 0.05, and 0.01 probability levels, 
respectively. 
Table A6. Analysis of variance for biomass (USW 
population) evaluated at two locations (Ames and 
Kanawha, 1991). 
SOURCE df MS 
Location 1 146306.25* 
Replications(Loc) 2 7305.05 
Populations 5 181.65 
cycles vs parents and checks 1 505.87 
Cycles linear 1 26.20 
Cycles quad. 1 49.38 
parents vs checks 1 272.75 
CI parents vs. C2 parents 1 54.06 
Location * Population 5 829.06* 
Error(a) 10 188.87 
Within CO 99 324.80** 
CI 99 320.76** 
C2 99 287.90** 
CI parents 19 422.15* 
C2 parents 19 201.12 
Checks 59 349.58** 
Loc*within CO 99 156.80 
CI 99 119.70 
C2 99 124.30 
CI parents 19 135.31 
C2 parents 19 288.32** 
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Table A6 (continued) 
Checks 59 158.20 
Pooled Error 394 198.51 
Corrected Total 1599 
*, ** Significant at the 0.05, and 0.01 probability levels, 
respectively. 
Table A7. Analysis of variance for grain yield (USW 
population) evaluated at two locations (Ames and 
Kanawha, 1991). 
SOURCE df MS 
Location 1 18295.26 
Replications(Loc) 2 1286.81 
Populations 5 298.11 
cycles vs parents and checks 1 46.52 
Cycles linear 1 443.37 
Cycles quad. 1 4.98 
parents vs checks 1 942.76 
CI parents vs. C2 parents 1 52.90 
Location * Population 5 196.57* 
Error(a) 10 44.86 
Within CO 99 51.11* 
CI 99 48.76** 
C2 99 49.18** 
CI parents 19 131.16** 
C2 parents 19 72.79 
Checks 59 103.42** 
Loc*within CO 99 33.08 
CI 99 23.84 
C2 99 29.21 
CI parents 19 35.09 
C2 parents 19 59.08* 
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Table A7 (continued) 
Checks 59 42.61 
Pooled Error 788 37.36 
Corrected Total 1599 
*, ** Significant at the 0.05, and 0.01 probability levels, 
respectively. 
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Table A8. Analysis of variance for plant hight (USW 
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Table A8 (continued) 
Checks 59 26.11 
Pooled Error 788 24.52 
Corrected Total 1599 
*, ** significant at the 0.05, and 0.01 probability levels, 
respectively. 
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Table A9. Analysis of variance for days to heading (USW 
population) evaluated at one location (Ames, 
1991). 
SOURCES df MS 
Replications 1 28.08 
Populations 5 49.42 
cycles vs parents and checks 1 57.02 
Cycles linear 1 123.21 
Cycles quad. 1 56.30 
parents vs checks 1 0.80 
CI parents vs. C2 parents 1 6.75 
Error(a) 5 52.35 
Within CO 99 14.72 
CI 99 13.41 
C2 99 15.01* 
CI parents 19 6.15 
C2 parents 19 19.12* 
Checks 59 8.70 
Pooled Error 394 11.90 
Corrected Total 799 
•Significant at the 0.05 probability level. 
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Table A 10. Source of variation, degrees of freedom and 
expected mean squares for unit straw weight, 
biomass, grain yield, and plant 
height traits evaluated at two locations. 




a2. +gpa2^  + rgpa^ , 
+ gpc'ro) 





(1-1) (p-1) a2,+ra\(p)+rga2%, 
P(g-l) e:,+r(7\(p)+rla2,(p) 
Loc.X Genotype(pop) p(g-l) (1-1) cr2,+ra2%(p) 
Pooled Error l(r-l)(pg-1) 
Loc. X Pop 
Genotype(pop) 
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Table A 11. Source of variation, degrees of freedom and 
expected mean squares for days of heading 
evaluated in one location (Ames, 1991). 
Variation source df EMS 
Replications r-1 az, + Ipe*, 
Populations p-1 p2,+ + rlK^ p 
Lines (POP) p(l-l) ijz, + ra2,(p) 
Error r-l(pl-l) e 

